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Application of a Generalized Additive Model to the

Chilean Hake population in a Bio-economic Context

Andrés Riquelme Selin Güney

1 Introduction

The world faces the problem of depletion of fish resources, they are either fully

exploited or are overexploited (Worm et al. 2006; FAO 2009 ). This has led to

a need for better scanning and management of fish stocks as well as of entire

marine ecosystem for sustainable use of marine resources (Klemas, 2012).

The traditional bio-economic method for fisheries modeling uses some esti-

mate of the growth parameters and the system carrying capacity from a bio-

logical model for the population dynamics (usually a logistic population growth

model) which is then analyzed as a traditional production function. The stock

dynamic is transformed into a revenue function and then compared with the ex-

traction costs to estimate the maximum economic yield (Gordon, 1954; Scott,

1955). The typical approach from the economic perspective is to assume a

constant marginal cost and then proceed to estimate the catch levels that max-

imize the total economic benefit. This strong assumption prevails because of

the simplicity of the estimation.

In this paper,we aim to combine the use of the logistic population growth

model for the population (Schaefer, 1954) with a cost function that includes

nonlinear variables by using a generalized additive model approach (Murase

eta al, 2009; Wang et al, 2009). The focus is on the Chilean hake population.

This methodology allows for the incorporation of climatic variables and poten-

tially the interaction with other marine species, which in turn will increase the

reliability of the estimates and generate better extraction paths for different

conservation objectives, such as the maximum biological yield or the maximum

economic yield.
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2 Literature Review

The question dealing with forecasting of abundance and population dynamics in

fisheries management has been extensively investigated in the literature since it

has important implications both for economists and traders; as its implication

being that overexploitation will lead to excessive reductions in marine popula-

tion abundance and hence impact the overall ecosystem both directly by means

of fishing gear on habitats (Barnes and Thomas 2005, Reed et al. 2007), and

indirectly by the changes of pathways through the selective removal of species

(Jackson et al. 2001, Frank et al. 2005). The accurate forecasts will also help

policymakers to decide on the trade policies to be imposed and form effective

fishery management strategies.

Initially, the literature traditionally focused on managing a single target

species and ignored other components of the ecosystem such as weather and

climate (Pikitch, Santora et al. 2004). More recently, following theoretical

arguments about environmental factors effecting the distributions of such pop-

ulations and the inappropriateness of interest in single species, several studies

have employed ecosystem based models to investigate the abundance and popu-

lations. Among these are Fluharty, Aparicio et al. 1998 ; Hilborn 2004, Larkin

(1996), Brodziak (2002), Link (2002), Sumaila (2005) and Marasco (2007).

Ecosystem modeling approach builds on population modeling approach by inte-

grating the biological and physical components of the environment into a single

interactive system (Smith and Smith 1998, Pastor 2008) and help us to assess

the feedback effects between natural resources and human beings.

Generally, there is a close conjugation between the natural resources and

the resource user. The external factors that affect the biological side will also

impact the economic side of the whole fisheries system whereas external fac-

tors, which affect the economic side will also have an impact on the biological

system. (Prellezo et. al, 2012). As a result of this link, biology and economy

are interrelated that necessities the use of bioeconomic models. However, it is

widely recognized that initial ecosystem based models are not sufficient to pro-
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vide predictive descriptions of natural ecosystems, and this fact is particularly

true for fisheries systems that involve nonlinear dynamics. So the literature pro-

gressed from linear ecosystem models to the models incorporating the nonlinear

dynamics of the ecosystem. Among the studies that use variants of nonlinear

models most recent ones have adopted Generalized Additive Models. OBrien

(2009) applied GAM models to catches of haddock, Melanogrammus aeglejinus,

to explore drifts in abundance related to spatial and environmental variables

and concluded that that estimates of mean abundance using this methodology

lead to more accurate estimates than the normally derived from observed catch

numbers. Wang et. al (2009) concluded that the GAM methods show that the

predictive performance of the abundance forecasting models for Queets River

coho salmon can be enhanced by integrating a small number of environmental

variables as independent variables. Sagarese et. al(2014) modeled spiny dogfish

(Squalus acanthias) abundance to explore the relationship among distribution,

environment, and prey using GAMs for different stages and seasons and looked

at the effects of climate change on probabilities of occurrence. Richards et.

al (2010) highlight the utility of using GAMs through three case studies.First

study uses GAM to unify the findings of an established long term water quality-

monitoring program. Second one is used to evaluate the spatial patterns in

a biomonitoring dataset whereas final study focuses on the evaluation of the

environmental conditions for a desalination plant intake pipe.

Despite the efforts in population dynamics modeling, there are few studies

that investigate the economics of extraction, especially in the shape of fisheries

cost function, which is assumed to be linear since the works by Schaefer (1954)

and Gordon (1954). However, it is clear that in the fisheries context the marginal

return is diminishing: the more the fisherman wants to catch, the longer the

trips and the distance to the ports.

In this paper, population dynamics will be investigated by applying a class

of nonlinear models that allow for the gradual adjustment among the catching

costs. Specifically we investigate how the costs may change with some climate

and weather variables incorporated as nonparametric components. These mod-

3



els admit various forms of regime changes, which may occur gradually or at

discrete points in time.

3 The Economics of Fisheries

The fisheries activity differs from other economic activities in the sense that

there are different objectives for the authorities and for the fisherman. The fish-

erman wants to maximize the catch, whereas the government wants to guarantee

the sustainability of the activity. If there are no entry barriers and no biological

shocks, any economic activity will tend to the point where the marginal revenue

equals the marginal cost, assuring the maximum economic yield. However, the

fisheries differ from the typical economic activity in a way that one of the in-

puts is freely available for the fisherman. Since the fishers are an open access

resource, the owner is the “society”, and its interest is to preserve it and manage

it in a sustainable way. Hence, without regulation the fisheries activity will lead

to extraction levels over the socially desired. Each time the fisherman increases

its benefits, the society increases its cost. We can depict this idea in Figure 1.
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Figure 1: Fisheries model illustrating the maximum economic yield (mey), the

maximum sustainable yield (msy) as the maximum difference between the total

income and the total cost, and and the open access equilibrium (oa).
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If the activity is profitable, then at low exploitation levels the benefits will

exceed the costs and there will be economic rents. The microeconomic theory

predicts that these rents will attract more participants, increasing the catch

and the overall benefits up to the point e, reaching the maximum economic

yield (mey). This is the socially desired extraction level. At this point however,

there still exist positive rents to extract, so more fishermen will enter the activity

until all the rents are exhausted at point b. This point is the open access bio-

economic equilibrium. At this point the fishermen are earning their opportunity

costs, but the society is incurring losses. The society should be compensated for

this loss, but this does not occur; the situation in which the stocks are treated

as worthless resources. (Panayotou & Jetanavanich, 1987).

The simplest model starts with the assumption that the stock has a logistic

growth, combining recruiting, increase in weight and natural mortality. The

Shaefer (1958) model considers this approach in the following equation:

Xt+1 = Xt + rXt

(
1− Xt

K

)
− qXtEt (1)

were Xt is the stock in period t, r is the biological growth parameter, K is

the ecosystem carrying capacity, q is the catchability coefficient (the probability

that one individual be captured in a fishing event) and Et is the fishing effort

in period t.

The total cost function is assumed as a constant value times the fishing effort

(E):

TC = cEE (2)

4 Econometric Methods and Data

The estimation of the models in equations 1 and 2 is straightforward and has

been widely estimated. In our estimation, we propose to relax the assumption

of linearity in equation 2 and instead use a cost function with microeconomic
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underpinnings. The general cost function can be written as:

TC = f(ω, Y ;A) (3)

were ω is a vector of input prices (zero for the fish) and Y is the output level

(catch) and A is the technology. Since the yield is a function of effort, we can

rewrite the equation 3 as:

TC = f(ω,E;A) (4)

Note that there is not a functional form in equation 4. In general,the cost

functions derived from typical production functions are nonlinear, which is not

consistent with the constant marginal cost approach. Nonparametric regression

allows the assumption of linearity to be relaxed, which may be proper for many

economic relationships, thus allowing a visual exploration of the data to uncover

structure that might otherwise be missed when evaluated in a parametric form.

However, a caveat of using nonparametric regression is that the results and the

implications for economic relationships among variables may sometimes be hard

to interpret.

To overcome these problems, Stone (1985) proposed the use of additive mod-

els that manage an additive approximation to the multivariate regression func-

tion. By doing so, each individual additive term is estimated using a univariate

smoother separately, and the approximation is obtained locally rather than uni-

versally. The aforementioned interpretation problem is avoided as the estimates

of the individual terms explain how the dependent variable changes with the

independent variables.

Extensions of additive semi-parametric models that are valid for wide range

of distributional families such as the exponential have been proposed by Hastie

and Tibshirani (1986) through the application of Generalized Additive Models

(GAM) that enable the mean of the dependent variable to depend on an additive

predictor through a nonlinear link function. The basic GAM modeling frame-

work which is used to investigate cost relationships may be stated as follows.
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Let Y be a response random variable and X1, X2, . . . , Xp be a set of predictor

variables. A regression procedure can be viewed as a method for estimating the

expected value of Y conditional on the values of X1, X2, . . . , Xp. The standard

linear regression model assumes a linear form for the conditional expectation:

E(Y |X1, X2, . . . , Xp) = β0 + β1X1 + · · ·+ βpXp (5)

The additive model generalizes the linear model by modeling the condi-

tional expectation as a sum of smooth functions of the covariates. Wood (2004)

presents the following model:

E(Y ) ≡ µ (6)

g(µ) = η ≡ β0 + β1X1 + · · ·+ βpXp + s1(X1) + s2(X2) + · · · , (7)

where Yi follows an exponential distribution, g is a monotonic link function

and sj are smooth functions of the covariates. These functions are not given

a parametric form but instead are estimated in a nonparametric fashion. To

avoid overfitting the parameters are estimated by penalized maximum likelihood

methods.

GAM models are often data-driven and can be either explanatory or pre-

dictive in nature (Yee and Mitchell 1991; Fewster et al. 2000; Guisan et al.

2002) and they are well suited modeling frameworks for uncovering trends of

the dependent variables on a set of temporal and/or spatial covariates without

the need to specify the model in terms of parametric linear relations.

5 Empirical Application and Results

To estimate the biological parameters(growth and carrying capacity) we use

the method proposed by Martell and Froese (2013), which starts with a se-

ries of catches and estimates the most likely parameters that can sustain such

exploitation level. The input values are presented in the Table 1.

7



Table 1: Total Catch of Hake (Merlucius Gayi) used for the Martell and Froese

(2013) estimation

Year Catch (ton) Year Catch (ton)

1992 75.313 2003 115.343

1993 77.114 2004 73.598

1994 81.728 2005 47.166

1995 90.484 2006 47.958

1996 101,876 2007 45.848

1997 87.620 2008 47.936

1998 80.144 2009 47.144

1999 103.789 2010 49.197

2000 110.143 2011 44.555

2001 121.200 2012 44.195

2002 116.040 2013 38.500

It is assumed that (i) the model is deterministic and there is no error in the

reported data, (ii) the hake resilience is medium, meaning that the minimum

time for doubling the population is 1.4 to 4.4 years (reported by FishBase1),

(iii) the starting biomass is half of the carrying capacity, (iv) the bounds for r

are 0.2 and 1.0 and (v) the bounds for K are the maximum catch and 50 times

this value. We estimate the parameters using 100 thousand repetitions.

The starting point of the method is to determine the combinations of r and

K that are consistent with the reported catch. With the input data there are

4.173 of such combinations, depicted in Figure 2.

With the data in Figure 2 we then construct histograms for r shown in the

Figure 3. The distribution is left skewed with a geometric mean of 0.346 with

bounds 0.2 and 0.6 at the 95% confidence interval. The same principle is used

for the carrying capacity K, where the histogram is shown in Figure 4. In this

case the geometric mean is 905 thousand tons, with bounds of 592 and 1,384

tons at the 95% confidence interval.

The original catch series is shown in the Figure 5. It is worth noting the fall

1http://www.fishbase.org/summary/Merluccius-gayi.html
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Figure 2: Combinations of r and K consistent with the reported hake catch

using Martell and Froese (2013) with data from 1992 to 2014.
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Figure 3: Histogram for r values using Martell and Froese (2013) with data from

1992 to 2014. Thin lines show ±2sd and the bold line is the geometric mean.
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Figure 4: Histogram for K values using Martell and Froese (2013) with data

from 1992 to 2014. Thin lines show ±2sd and the bold line is the geometric

mean.
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Figure 5: Annual catch of hake in Chile, from 1992 to 2014

in year 2003, attributed to a bad stock assessment in 2001 that lead to excessive

quotas during the next 2 years.

With the estimated parameters r and K we can obtain the biological growth

equation akin to the one in Figure 1. This equation is illustrated in the Figure 6

6 Future Research

The results presented here are preliminary, next we will estimate equation 4

using a nonlinear GAM modeling approach by incorporating input prices, cli-

matic and weather variables, and linear and nonlinear interactions among them

(tensors). There is one challenge to this task: there is no economic theory re-

garding the effect of weather or geographical variables, which means that we

have no guideline in terms of which variables to incorporate. So far, we have

collected data for temperature at the docking ports, wind speed and direction

and are trying different combinations of variables and smoothers; the next task

is to identify the most appropriate variables.
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Figure 6: Growth model obtained from the parameters by applying Martell and

Froese (2013) method with data from 1992 to 2014.
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Figure 7: Bioeconomic Model. Horizontal lines correspond to the maximum

economic yield (· · · ), the maximum sustainable yield (– – –), the maximum

biological yield (·–·–·), the current estimated capture (solid red) and the open

access equilibrium (solid black)
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7 Summary and Concluding Remarks
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